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In view of the differences that have been found between the most-probable-number and membrane filtration
methods for the recovery of coliforms from chlorinated samples, the survival of total and fecal coliforms in UV-
irradiated effluent samples, as tested by the most-probable-number and standard single-step membrance
filtration methods, was compared. There were no significant differences in the survival of total and fecal
coliforms, as tested by the two methods. In a separate set of experiments comparing total and fecal coliform
survival, as tested by the most-probable-number method, only a very small but statistically significant
difference of 0.1 log survival units was found. For UV-disinfected wastewater effluents, standard one-step
mnembrane filtration procedures are comparable to standard most-probable-number procedures.
UV disinfection has rapidly become an alternative to
chlorination of wastewater effluents. It has been shown to be
both effective (20, 21, 23, 24) and economically competitive
with chlorination (23). A number of full-scale UV wastewa-
ter disinfection systems have been built or planned. Various
methods of enumerating coliform bacteria have been used in
research studies of UV disinfection, but there have been no
studies comparing the most-probable-number (MPN) and
membrane filtration (MF) methods for enumerating total and
fecal coliforms surviving UV disinfection. Significant differ-
ences between the MPN and MF methods for enumerating
coliforms in chlorinated samples have been found (3, 4, 13,
16). In view of these differences, the methods for enumerat-
ing coliform bacteria should be compared for each method of
disinfection.
One explanation for the differences between the MF and
MPN methods for testing chlorinated samples is that a
number of cells are subjected to sublethal damage, which
may be repaired depending on the culture conditions (5, 14,
15). Other stresses can produce similar effects (3). Modifica-
tion of the MF procedure with a nonselective recovery step
results in higher bacterial counts in chlorinated samples and
seems to support the sublethal damage explanation (9, 13,
19). Meckes and Venosa (17) compared the MPN and MF
methods for enumerating both total and fecal coliforms in
ozonated wastewater. They found no significant differences
in the results for the two methods, demonstrating that the
differences do not extend to all disinfectants.
There was good reason to suspect that the methods of
enumeration could affect the apparent survival of UV-
disinfected indicator bacteria. Sublethal UV damage can be
repaired under certain conditions, and bacteria can then
form colonies (10). Growth conditions shortly after UV
irradiation can affect the number of these damaged organ-
isms which can recover after plating (10). The plating
medium has been shown to affect the apparent survival of
UV-irradiated bacteria (1).
The objective of this study was to compare the survival of
UV-irradiated coliforms in wastewater, as enumerated by
the two methods most commonly used: the standard MF and
MPN methods for enumerating both total and fecal coli-
forms. This comparison should allow one to know which
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method can yield reliable and conservative measurements
for meeting disinfection standards. Such a comparison
should also allow one to compare UV disinfection with other
disinfection methods, as well as to compare UV dose-
survival relationships in studies in which different methods
are used.
MATERIALS AND METHODS
MPN and MF methods. The MPN and MF methods for
enumerating total and fecal coliforms were carried out as
described previously (2). The one-step MF procedure was
done with M-Endo broth for total coliforms and with M-FC
broth for fecal coliforms. The MPN procedure was carried
out to the confirmed level with lauryl tryptose broth for the
presumptive test, followed by either EC broth for fecal
coliforms or brilliant green bile broth for total coliforms.
For the direct comparison of the MPN and MF proce-
dures, the five-tube, 10-fold dilution scheme for the MPN
procedure, as described in reference 2, did not provide a
small enough confidence interval to provide good statistical
resolution. Instead, we used the following for each sample:
(eight tubes per dilution) x (five twofold levels of dilution) x
(three replicate sets). The use of this large number of tubes
yielded statistical precision comparable with that of the MF
procedure. From extensive preliminary work, we could
estimate the bacterial density within a range in advance.
Thus, twofold dilutions, which yielded a much narrower
confidence interval than 10-fold dilutions, could be used.
Tables for finding the MPN with this scheme are given in
reference 8.
Samples of a secondary municipal wastewater effluent
from Chapel Hill, N.C., were collected. The UV absorbance
at 254 nm was measured, and a small correction for UV light
scattering by suspended particles was made (21). Samples
were stirred and irradiated in a petri dish with a collimated
beam of UV light produced by three Voltarc G36T6L
germicidal lamps (21). The intensity at the surface of the
liquid was measured with a calibrated IL-500 radiometer.
The average intensity within the sample was calculated by an
integration of Beer's law over the sample depth (1 cm). The
UV dose was defined as intensity times exposure time.
Samples were exposed to a dose of 6.84 mW-s per cm2. This
one dose level was chosen because it resulted in a survival of
ca. -3.0 + ca. 0.5 log units. Lower doses resulting in a
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TABLE 1. Mean survival of total and fecal coliforms for each
trial (day), as tested by the MPN and MF methods
Survival of coliforms as tested by indicated methods"
Day Total Fecal
MPN MF MPN MF
1 3.43 (0.14) 3.29 (0.04) 3.10 (0.06) 3.61 (0.34)
2 2.77 (0.07) 2.90 (0.05) 3.04 (0.08) 2.97 (0.08)
3 2.37 (0.11) 2.74 (0.06) 2.89 (0.15) 2.65 (0.02)
4 2.65 (0.19) 2.55 (0.03) 2.85 (0.24) 2.54 (0.16)
a All values are -log S units (see text). Standard errors of the means are
shown in parentheses. Each mean value represents three replicates for the
MPN test and three to five replicates for the MF test.
survival of greater than ca. -2.0 log units would generally
not meet disinfection standards. A survival of less than ca.
-3.6 log units would not leave sufficient survivors to obtain
statistically significant numbers in the fecal coliform MPN
test. The initial density (No) and the number of survivors
(Ns) were determined by each of the two methods for both
total and fecal coliforms. The results were reported as
survival (S) in log units: log S = log (NsINo). For each
sample, three to five replicate MF tests were performed for
both fecal and total coliforms. Three replicate sets of MPN
tests were done, yielding three observations for each of the
samples. The experiments were repeated on samples collect-
ed on 4 different days.
Differences between survival, as tested by the two meth-
ods, were analyzed statistically by a two-way analysis of
variance (25). The main effects tested were method, day, and
the interaction term, expressed as method times day. A
priori contrasts between individual means were made with
the Wilcoxon rank test (25).
Total and fecal coliform MPN tests in pilot plant experi-
ments. Total and fecal coliform survival in a large number of
secondary effluent samples from two UV pilot plant disin-
fection units, as tested by the MPN method, was compared.
The pilot plant experiments are described in detail elsewhere
(21), along with an analysis of how the water quality parame-
ters (turbidity, suspended solids, etc.) affected the survival.
The results reported include samples from two different UV
disinfection units, two different flow rates, and two levels of
applied lamp voltage. In these experiments, the MPN proce-
dure was done with the five-tube, 10-fold dilution sets as
described in reference 2. Although the confidence interval
was broad for an individual measurement, a large number of
experiments were performed. The differences between the
total and fecal coliform MPN results were tested by a paired
t-test (25).
RESULTS AND DISCUSSION
No significant differences were found in survival in the
secondary effluent samples, as tested by the MPN and MF
methods. Furthermore, the survival (Table 1) of both fecal
coliforms and total coliforms was similar, and no significant
differences were found in the first set of experiments. The
survival values ranged from -2.3 to -3.6 log units, repre-
senting a range to be expected in practical disinfection. The
numbers of surviving total coliforms ranged from 2.4 to 8.2
counts per ml, and the numbers of surviving fecal coliforms
ranged from 0.23 to 1.3 counts per ml. Thus, the levels of
survival represented a range likely to be expected in prac-
tice. The turbidity of the samples was less than 4 nephelo-
metric turbidity units, so the interference with coliform
growth associated with high turbidity (12) was probably
minimal.
Although the comparison of the MF and MPN methods
involved irradiation in a laboratory, the samples were col-
lected from representative secondary effluents. We expect
then, that the comparison of the enumeration methods would
be equally applicable to full-scale UV disinfection.
The two-way analysis of variance tested whether there
was a significant difference between the two methods,
correcting for the effects of varying survival from day to day.
Although there were differences in survival from day to day
(P = 0.0001), the difference between the two methods was
not significant (P = 0.38). The interaction effect (day times
method) was of borderline significance (P = 0.06) because of
the difference between the means for total coliform MPN
results and total coliform MF results on day 3 (-2.34 and
-2.74, respectively). Individual differences between each
pair of MPN and MF means were tested with the Wilcoxon
rank test (25), and the difference (-2.34 and -2.74, respec-
tively) was the only one which was significant (P = 0.03).
However, the difference was not repeated, nor was it part of
any continuing trend, as indicated by the overall analysis of
variance. A rough measure of the minimum statistically
detectable difference, given the variability in this experi-
ment, was indicated by the 95% confidence intervals for the
means. These averaged ca. 0.3 log survival units. We also
performed the same sort of two-way analysis of variance on
the total and fecal coliform data separately, testing the
effects ofMPN and MF methods. The results were similar to
those when all four parameters were compared.
The large amount of data from a pilot plant experiment
(11) provided a somewhat finer statistical test of differences
between survival, as tested by the total and fecal coliform
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FIG. 1. Survival of total coliforms and fecal coliforms, as tested
by the MPN method in the pilot plant experiment.
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10-fold dilution MPN technique, with its high degree of
variability, was used, the large number of data yielded a high
degree of statistical resolution. The differences between total
and fecal coliform survival were small but highly significant,
as determined with the paired t-test (P = 0.007) (Fig. 1). The
average difference between total and fecal coliform survival
was 0.10 log units, but it varied as a function of survival, as
shown in Fig. 1. The survival of fecal coliforms was greater
than that of total coliforms. This difference could be due
either to the differing UV sensitivity of the different groups
of species included in the total coliform group or to the
effects of the test conditions on the repair of sublethal
damage. Although this difference between total and fecal
coliform survival was statistically significant in this test, it
was small enough (by a factor of ca. 1.25) to be of little
significance in practice. Differences between total and fecal
coliform survival are of interest in equating standards ex-
pressed in terms of total coliforms with those expressed in
terms of fecal coliforms.
It was originally our intention to compare the total and
fecal coliform MF recovery procedure (2) with the single-
step MF procedure if the MF and MPN techniques had
indicated different survival rates. However, because the MF
and MPN techniques compared favorably, we concluded
that the MF recovery step is unnecessary in testing UV
disinfection if the standard MPN procedure (2) is the bench-
mark against which other methods are to be compared. The
standard total and fecal coliform MPN procedures have been
the methods against which MF methods have been com-
pared in most studies (4, 9, 13, 17, 18). It is recognized,
however, that the standard fecal coliform MPN procedure
may underestimate the actual population of fecal coliform
bacteria under certain conditions (6, 7). It is possible that
MPN procedures which result in a decreased incidence of
false-negative results might increase the recovery of coli-
forms from UV-irradiated effluent samples. We considered it
beyond the scope of this study to evaluate the ultimate
recovery efficiency of the modified MF and MPN proce-
dures (9, 19). The ease, superior quantitative precision, and
capability of testing larger volumes of water provided by the
MF procedure would be preferable in UV disinfection.
Because of the greater number of total coliforms, the total
coliform MF procedure may be more useful for a quantita-
tive assessment of UV disinfection efficiency.
We also concluded that different studies of UV wastewa-
ter disinfection in which current standard procedures (2) for
coliform enumeration were used are probably comparable on
the basis of the coliform enumeration methods (11). The
large differences in dose-survival relationships in various
UV disinfection studies are probably due to other factors,
such as the difficulty in determining UV dose (22), rather
than to the method of enumerating coliforms.
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